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DNA replication is a highly conserved process essential for the perpetuation of all life 
forms. Initiation of DNA replication occurs at specific sites called replication origins. The 
essential DNA elements that constitute these sites are not fully understood in eukaryotes. 
Studying origins of replication using budding yeasts as a model may provide useful information 
for deciphering essential components of replication origins in higher eukaryotes, including 
humans. Origins of replication (also known as autonomously replicating sequences or ARSs) are 
well characterizRd in the budding yeast species Saccharomyces cerevisiae. S. cerevisiae ARSs 
contain an ARS consensus sequence (ACS) that is essential but not sufficient for supporting 
replication initiation. Little is known about the essential elements of replication origins in other 
yeast species or in higher eukaryotes. In this study, I have cloned and analyzed the sequence of 
several ARSs fiom Saccharomyces kluyveri, and an ARS consensus sequence has been 
identified, similar to that of S. cerevisiae in that both ACSs are AT-rich 17 bp sequences. 
Additionally, I have discovered flanking elements that are essential for the hct ion of certain S. 
kluyveri ARSs. This study provides preliminary data on the essential ACS and a flanking 
element that co-&lute functional regkation ofigjllS in $. kllfyveri. 
Introduction 
DNA replication is an essential and conserved process for all living organisms. During 
every cell division, genornic DNA must be duplicated and passed on to the new daughter cell. 
Errors in DNA replication lead to genetic mutations that may be deleterious to the organism. It 
is therefore vital for cells to carefully regulate the process of DNA replication. 
Initiation is a critical step in the replication process. Eukaryotic genomes are comprised 
of long (typically several megabase) DNA sequences, so cells must initiate DNA replication at 
many points in the genome in order to accomplish replication in a timely matter. Additionally, 
genomes are divided into distinct units (chromosomes), and cells must initiate DNA replication 
on all chromosomes to ensure replication of the entire genome. However, cells must replicate 
their DNA once and only once during the cell division cycle, so initiation must occur no more 
than once at any site. Cells must therefore carefully regulate initiation to ensure complete, 
efficient replication without hamdid redundancy (Sclafani and Holzen, 2007). 
During the DNA replication process, replication is initiated from origins of replication 
through a series of steps involving the binding of multiple protein factors (Sclafani and Hohn,  
2007). A six-subunit protein complex known as the origin recognition complex (ORC) binds to 
DNA at origins of replication (also known as autonomously replicating sequences or ARSs) 
(Bell and Stillman, 1992). ORC binds to the ARS consensus element (ACS) and recruits other 
protein factors to initiate replication (Nieduszynski et al., 2007). Replication then proceeds 
bidirectionally fiom the origin of replication. The six-subunit ORC is conserved across 
eukaryotes; however, the essential DNA elements that constitute these replication origins are not 
fully understood and their sequences are not conserved (Scfafimi and Holzen, 2007). 
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Yeast are useful model organisms for studying origins of replication. Yeast, like humans, 
belong to the domain Eukarya. Members of this domain (eukaryotes) share certain 
characteristics and processes, including a similar mechanism of DNA replication (Sclafani and 
Holzen, 2007). Therefore, studying this process in yeast can provide information about DNA 
replication in other eukaryotes, including humans. Yeast are often used in research for a number 
of reasom. They are small and easy to maintain, and reproduce quickly, so large scale 
experiments are relatively inexpensive. Additionally, it is easy to manipulate yeast DNA, which 
makes them especially useful in studying the mechanisms of DNA replication. 
In the yeast species Saccharomyces cerevisiae, origins of replication have been well 
characterized. Origins of replication have been isolated on small circular DNA molecules known 
as plasmids (Stinchcomb et al., 1979). Plasmids can be introduced into yeast in a process known 
as transformation. However, plasmids cannot be replicated if they do not have an origin of 
replication. Origins can be isolated or confiied by inserting the putative oxjgin into a plasmid 
and observing whether the plasmid can be propagated or maintained, because ARSs enable the 
plasmids to be replicated autonomously (Brewer and Fangman, 1987). 
In S. cerevisiae approximately 325 ARSs have been identified and confirmed as origins 
of replication (Nieduszynski et al., 2007). Among these origins a common motif (ACS), has 
been identified. This ACS is A-T rich, which may facilitate unwinding of the DNA. Many of 
these ARSs have also been shown to be binding sites for ORC, confirming that they are origins 
of replication (Wyrick et al., 2001). Additionally, the ACS is flanked by "B elements" that are 
not as highly conserved in sequence. The ARSs, including the B elements, are typically -200 bp 
in length (Nieduszynski et al., 2007). 
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There are at least 3 classes of B elements, which differ in function. The B1 elements 
interact with ORC (Lee and Bell, 1997). The B2 elements have been proposed to contain a DNA 
unwinding element (Lin and Kowalski, 1997), although other research has suggested they are 
required for loading of MCM proteins, which interact with ORC during initiation (Wilmes and 
Bell, 2002). The B3 elements interact with ABF1, a transcription factor that binds a subset of 
origins (Marahrens and Stillman, 1992). At least one of the three B elements, in combination 
with the ACS, is essential for ARS function. However, though these B elements have been fairly 
well studied in S. cerevisiae, little is known regarding auxiliary elements in other species. 
In other eukaryotes, including the fission yeast species Schizosaccharomyces pombe, 
origins do not appear to be so well defined. There is little consensus in the S. pombe ARSs that 
have been isolated, although they are similarly A-T rich @ai et al., 2005). Additionally, certain 
S. cerevisiae ARSs have been shown to be highly efficient, meaning they are utilized in almost 
every cell cycle: 72-88% in "high frequency origins", and 40-58% in "intermediate Erequency 
orgins" (Yamashita et al., 1997). In S. pombe, origins generally have a much lower efficiency 
( ~ 3 0 % ) ~  with different origins being used each cell cycle (Pate1 et al., 2006). 
In this study, I am isolating ARSs in the yeast species Saccharomyces RIuyveri and 
comparing them to those of S. cerevisiae. S. Muyveri is more closely related to S. cerevisiae than 
S. pombe (Washington University Genome Sequencing Center, Figure 5), so the initiation 
process of S. Muyveri may more closely resemble that of S. cerevisiae. By comparing ARSs 
from these two species, common elements may be found, giving a broader picture of the 
essential DNA elements that constitute an origin of replication. A primary goal of this study is to 
identify an ACS for S. Muyveri. This requires isolating a large number of ARSs for sequence 
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analysis, and several student researchers have been involved in isolating S. kluyveri ARSs in a 
class project, which is the precursor of this project (see Acknowledgments). 
Once isolated, ARSs can be truncated to find the minimum sequence required for ARS 
function. They can also be mutagmized to identify critical base pairs in the sequence. These 
data can then be analyzed to determine a consensus sequence for S. kluyveri. Additionally, S. 
klzryveri ARSs can be tested for ARS function in S. cerevisiae and vice versa, to gain more 
information about the essential components of replication origins as well as the replication 
initiation machineries in both species. In this study I have used truncation and mutagenesis to 
analyze certain S. kluyveri ARSs. In addition, I identified several ARS flanking elements, which 
may be equivalent to the B elements of S. cerevisiae. Altogether, this work broadens our 
understanding of origins of replication in yeast, which may improve our understanding of 
initiation of DNA replication in all eukaryotes. 
Experimental Procedures 
Bacterial Transformation 
Bacterial transformations were conducted using a modified version of the Bioline 
protocol (Bioline, nd.). Bioline a-select chemically competent cells were thawed on ice, and 20 
pL of cells were transferred to a microfuge tube. The DNA solution was then added (1 pL of 
mini-prepped plasmid, 2 pL of cloning reaction, or 10 pL of plasmid obtained fiom yeast 
following the plasmid pullout protocol. DNA concentration varied depending on the source, and 
the number of colonies therefore varied, ranging fiom approximately 50-400.). The mixture was 
incubated on ice for 30 rnin, incubated at 42°C for 30 seconds to induce heat shock, and replaced 
on ice for 2 minutes. 150 pL of LB was then added and the cells were incubated at 37°C for 1 
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hour before being plated on LB + ampicillin plates. Transformants were grown overnight at 
Bacterial Mini-prep 
Bacterial mini-preps were conducted following the Promega Wizard Plus SV Mini-Prep 
protocol (Promega, n.d.), using 2mL of cell culture and eluting the DNA in 50 pL of water 
instead of 100 @. 
Yeast Transformation 
Yeast transformations were conducted following the protocol designed by Ivan Liachko 
(personal correspondence). Cells were grown overnight in liquid culture at 30°C, and 1mL of 
culture was centrifuged in a microfuge tube. Supernatant was removed, and DNA was added (1 
pL of mini-prepped plasmid or 5 pL of genomic library. DNA concentration varied depending 
on the source, and the number of transformants therefore varied, ranging fiom approximately 10- 
200). 75 pL of 1-step buffer (0.2M Lithium Acetate, 40% PEG 4000, lOOmM DTT, 0-5 mg/mL 
carrier DNA) was added and the solution was vortexed to resuspend the cells. Cells were 
incubated at 42°C for 1 hour, plated on selective media, and grown at 30°C for 3-5 days. 
Plasmid Recovery from S kluyveri 
Plasrnids were recovered from S. kluyveri following the protocol designed by Ivan 
Liachko and Justin Donato (personal correspondence). 1 mL of saturated yeast culture was 
centrifiged in a microfuge tube, and the supernatant was removed. Cells were resuspended in 
500 pL of Y 1 buffer (1M sorbitol, 0.1M EDTA, pH 7.4, 1 pL/mL fiesh f3-mercaptoethanol). 50 
pL of 5mg/mL yeast lytic enzyme were added, and the solution was incubated at 30°C for 1 
hour. The solution was then centrifuged and the supernatant was removed. The bacterial mini- 
prep procedure was then used to obtain the p l h d s .  
Construction of pIL17 
To screen for more flanking elements, a new plasmid (pIL17) was constructed using the 
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plasmid pRS406 (Table 2), which contains the UR43 gene and a BamHI site. Primers (Table 3)- 1 9 
Ti 
were designed to amplify EC175min (an S. Huyveri ARS truncated by Ivan Liachko to 91 bp) '3 
and add a BglII restriction site on one side of the ARS. The primers also added an MboI site to 
the ends of the sequence. The ARS with the BglII site was cloned into pRS406 at the BamHl 
site, generating the new plasmid pIL 17. 
Preparation of genomic DNA 
FM628 cells were broken by vortexing with glass beads in lysis buffer (17% glycerol, 
50mM MOPS, 150mM potassium acetate, 2mM magnesium chloride, 500uM spermidine, and 
150uM spermine; pH7.2). Spheroplasts were collected by centrifugation for 10 minutes at 8000 
rpm (4C) and resuspended in G2 buffer (Qiagen). RNase A (Qiagen) and proteinase K 
(Invitrogen) were added to the buffer to 200uglml and 400ug/ml final concentration respectively 
and the solution was incubated at 37OC for 4 hours with gentle shaking every 30 minutes. The 
solution was centrifuged for 5 minutes at 5000 rpm (4°C) and the supernatant was passed 
through Genornic-Tip 1001G column (Qiagen) to purifj DNA. Wash and elution was performed 
according to Qiagen Genomic-Tip 1001G manual. DNA was precipitated from the eluate with 
isopropanol and resuspended in 500111 distilled water. 
Generation of genomic libraries 
To generate a genomic library, genornic DNA from the S. kluyveri strain FM628 (Table 
1) was digested with a restriction enzyme and then cloned into a plasmid. For the plasmid pIL07 
(Table 2), genomic DNA was digested with MboI and cloned into pIL07 at the BarnHI restriction 
site. For the plasmid pIL 17, genomic DNA was digested with AluI, RsaI, or HaeIII, treated with 
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antartic phosphatase, and then cloned into pIL17 at the BglII restriction site. After cloning, the 
collection of plasmids was tramfonned into E. coli (2 pL cloning reaction per bacterial 
transformation) and the cells were grown overnight. The transformants were collected by adding 
2.25 mL water to the plate and scraping with a glass spreader. The suspension of cells was 
transferred to a microfuge tube and mini-prepped to generate a genomic library containing 
multiple copies of each insert-containing plasrnid. 
Isolation of ARSs and ARS-enabling flanking elements 
To isolate new ARSs and ARS-enabling flanking elements, the genomic library was 
transformed (see above) into FM628 (Table I), and the tramformants were plated on CSM-leu- 
ura media (Sunrise Science Products, complete supplemental mixture minus leucine and uracil) 
and grown for 3-5 days at 30°C to select for those that contained a maintainable plasmid. 
Colonies growing on the CSM-leu-ura media were restreaked on a new CSM-leu-ura plate to 
retest. Only one colony was selected fiom each plate of transformants generated fiom a single 
library to decrease the chances of isolating the same ARS multiple times. Cultures were 
inoculated fiom these strains in CSM-leu-ura broth, and were grown for 2 days at 30°C. The 
plasmid was then obtained from the cultures following the plasrnid recovery protocol (see 
above). The plasmid was then transformed into E. coli (see above) to produce more copies of the 
plasmid. The plasmid was then was transformed back into FM628, plated on CSM-leu-ura, and 
grown at 30°C for 3-5 days to confirm that it contained a functional ARS. Once the ARS was 
confmned, the insert was sequenced by the Cornell University Life Sciences Core Laboratories 
Center, using primers specific to the plamid (IL325 and IL336 for pIL07, or IL429 and IL430 
for pIL 17). ARS sequences were analyzed using a motif search algorithm developed by Dr. Uri 
Keich to identify the consensus sequence. 
Lovett 10 
In order to determine whether an insert isolated in pIL17 is an ARS or a flanking 
element, it must be tested for ARS function in pRS406. Primers were designed to ampliQ the 
insert fiom pIL17 and add MboI sites to the ends. This insert can then be digested with MboI, 
cloned into pRS406 at the BamHI site, and transformed into FM628 to test for ARS function 
Characterizing ARSs: truncation 
To localize the A N  on cloned inserts, I carried out truncation analysis on three of the 
isolated ARSs. The ends of the ARSs were arbitrarily designated ''left" or "right" depending on 
their orientation in the plasmid. Primers were designed such that a portion of the insert could be 
amplified fiom the plasmid using PCR, generating a truncated version of the insert (Table 3). 
The primers also added an MboI site to the ends of the truncated sequence. The truncated inserts 
were digested with MboI and cloned into pIL07 (Table 2) at the B d  restriction site. The new 
plasrnids, containing the truncated inserts were then transformed into FM628 and tested for ARS 
function. Truncation schemes varied depending on the length of the original isolated ARS 
(Figure 3). 
Characterizing ARSs: site directed plutagenesis 
To determine the critical bases in the ARS, site-directed mutagenesis using site-specific 
primers was performed on the truncated ARS KL4min. Primers were designed such that they 
were perfectly homologous to the ARS except for a 3 bp sequence (Table 3). PCR was used to 
amplify the insert with the 3 bp change, producing a mutated version of the insert. Our 
mutagenesis strategy was usually directed at a stretch of 3 Ts, converting them to Gs. The 
primers also added an MboI site to the ends of the truncated sequence. The mutated inserts were 
digested with MboI and cloned into pIL07 (Table 2) at the BamHI site. The new plasmids, 
containing the mutated inserts were then transformed into FM628 and tested for ARS function. 
Isolation of a flanking element from pIL07 
Because the truncated ARSs only function in one orientation in pIL07, there must be 
some element on the plasmid that either enables the ARS to function (the ARS can only function 
when this element is present) or prevents the ARS from functioning (the ARS cannot function 
when this element is present). To determine whether the plasmid pIL07 was enabling or 
preventing ARS function, the truncated ARSs were cloned into the plasmid pRS406, which 
contains the UR43 gene and a BamHI site. The truncated ARSs were digested with MboI and 
then cloned into pRS406 at the Barn .  site. The plasmids with the inserts were then transformed 
into FM628 and tested for ARS function. As a control, the untnmcated ARSs (KL4 and EC175) 
were cloned into pRS406 and tested for ARS function. 
To determine what portion of pIL07 was enabling ARS function in the truncated ARSs, 
primers were designed such that they complemented the plasmid 100 bp fiom the site of the 
insert, on either side. PCR was used to amplifl the insert plus a small portion of pIL07 as a 
single unit (Figure 4). The primers also added an MboI site to the ends of the sequence. These 
new "extended ARSs" (containing the truncated ARS plus a small portion of pILO7) were then 
cloned into pRS406 at the BamHI site and transformed into FM628 to test for ARS function. 
Results 
Identification of ACS of S. kluperi 
To isolate new ARSs, random fragments of S. kluyveri genomic DNA were cloned into 
plasmids, generating genomic libraries. The libraries were then transformed into S. kluyveri, and 
the transformants were plated on appropriate media to select for those that retained the plasmid. 
The backbone plasmid cannot be maintained because this plasmid lacks an AM, so colonies are 
unable to form. If the insert contained an ARS, the plasmid could then be replicated and 
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maintained and a colony would form. Plagnids that enabled growth on the selective media were 
isolated fiom the yeast and retested to confirm ARS function before sequencing. 
A total of 120 ARSs have been isolated from S. kluyveri using pIL07, through the efforts 
of several researchers (Ivan Liachko and Claire Chmg isolated the majority of the ARSs [105]. 
Also, the BIOBM 399 class of Spring 2008 [under the guidance of Maki Inada, Ivan Liachko and 
Claire Chung] isolated 15 new ARSs. This class consisted of: myself, Lu Yang, Heather Pace, 
Eugene Cha, Lindsay Hallas, Arael Candelaresi, Zubair Azad, Kinsha Baidya, and Gina Kang.). 
These ARSs have been analyzed using a motif search algorithm developed by Dr. Uri Keich to 
identify the consensus sequence (Figure 1). It appears there is indeed a consensus sequence in S. 
kluyveri, and it is a 17 bp sequence that is T rich on one strand and has a strong resemblance to 
the ACS of S. cerevisiae (Figure 1). 
Localization of ARSs on cloned inserts by truncation 
To localize the ARS on cloned inserts, I carried out truncation analysis on three of the 
isolated ARSs: HP 1 7 1, AC 16, and KL4 (Figure 2). Inserts were typically a few hundred base 
pairs long, but past truncation experiments have shown that the ARSs from S, Muyveri can be 
truncated down to a -100 bp sequence (Ivan Liachko, personal correspondence), that is 
sufficiently short so as to make mutagenesis analysis convenient. HP 1 7 1, AC 16, and KL4 were 
624 bp, 776 bp, and 273 bp respectively. The ends of the ARSs were arbitrarily designated "leftyy 
or "rightyy depending on their orientation in the plasmid. 
During the course of this study I partially truncated the ARS HP171, which was isolated 
as a 624 base pair sequence (Figure 2). I removed 250 base pairs fiom the right or left side of 
HP 1 7 1, leaving 374 base pair sequences (HP 1 7 1 -250R and HP 1 7 1 -250L, respectively). I found 
that removing the right side of the ARS (HP 171 -250R) resulted in a functional ARS, while 
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removing the left side (HP171-250L) resulted in lack of function. These results indicate that the 
functional domain (HP 1 71 min) is located somewhere in the left 374 base pairs of HP 171. 
I partially truncated the ARS AC16, which was isolated as a 776 base pair sequence 
(Figure 2). I removed 300 base pairs from the right or left side of AC16, leaving 476 base pair 
sequences (AC16-300R and AC16-300L, respectively). Based on colony formation in the 
transformation assay, I found that removing the right side of the ARS (AC16-300R) resulted in a 
functional ARS, while removing the left side (AC16-300L) resulted in lack of function. These 
results indicate that the functional domain (AC16min) is located somewhere in the left 476 base 
pairs of AC 1 6. 
I truncated the ARS KL4 down to an 89 base pair functional domain, KL4min (Figure 
2). KL4 was isolated as a 273 base pair sequence. I removed 100 base pairs fiom either side of 
KL4, leaving a 173 base pair sequence. I found that removing the right side of the ARS resulted 
in a functional ARS, and removing the left side also resulted in a functional ARS. These results 
indicate that the functional domain (KLAmin) is located in the 73 base pairs in the middle of 
KL4. S. kluyveri ARSs had previously been truncated to -100 bp sequences (Ivan Liachko, 
personal correspondence, see above) so for KL4 the middle 89 base pairs were designated 
KL4min. This truncated ARS was found to be functional, and no further truncations were 
carried out. 
Verification of ACS by directed mutagenesis 
After fmding the hctional domain KL4min, I used site-directed mutagenesis to 
determine which base pairs were critical for ARS function (Figure 3). Based on the T-rich ACS 
identified by motif search (Figure I), T stretches were targeted and replaced with Gs, because Gs 
and Cs are uncommon so they seemed most likely to disrupt ARS hction. The mutagenized 
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ARSs were then tested for ARS function. I generated 7 mutant ARSs, with mutations spaced 
roughly equally throughout KL4min. For 6 out of 7 of the mutations, the ARS was still able to 
function. For one mutation, the ARS became nonfunctional. This mutation was approximately 
in the middle of the KL4min, in a 3 base pair stretch of A-Ts that was near a 12 base pair stretch 
of A-Ts. Based on the ACS identified by motif search and the localization of the ACS by site 
directed mutagenesis, the best match for the ACS in KL4min is TTTTITATGTTTCCTAT. . 
Isolation of an AM-enabling flanking element 
During the truncation process, we found that certain truncated ARSs (KL4 and EC175, an 
S. kluyveri ARS truncated by Ivan Liachko to 91 bp) were functional when oriented in one 
direction within the plasmid pIL07 but were not functional when they were oriented in the 
opposite direction (based on colony formation in the transformation assay). During the cloning 
process, inserts have a roughly equal chance of being cloned into the plasmid in either 
orientation. A single cut is made in the plasmid, and the insert is identical on either end, so it can 
be cloned into the gap in either direction. Orientation was not expected to affect plasmid 
function, however. The fact that the truncated ARSs were unable to function in one orientation 
suggested that there was some element on the plasmid that was either enabling or preventing 
ARS function in a particular orientation. Previous research has shown that the surrounding DNA 
sequences can affect origin function (Nieduszynski et al., 2005). 
To determine whether the plasmid pIL07 was enabling or preventing ARS function, the 
truncated ARSs were cloned into a new plasmid, pRS406. pRS406 lacks an ARS and contains 
the UM3 gene, so the same assay can be used for this plasmid as was used for pIL07. The 
plasmids were transformed into FM628 and tested for ARS activity. They were both found to be 
non-functional, suggesting that there is an element on pIL07 that was enabling them to function. 
As a control, the full-length ARSs fragments were cloned into pRS406. The resulting plasmids 
were transformed into FM628 and KC4 was found to be functional, showing that cloning the 
ARS into pRS406 does not prevent ARS function. EC175 did not function in pRS406, 
indicating that the full-length EC175 (273 bp) may also be &pendent on the flanking element for 
function. 
To determine what portion of pIL07 was enabling ARS function in the truncated ARSs, 
"extended ARSs" (containing the truncated ARS plus a small portion of pILO7) were cloned into 
pRS406 and tested for ARS function. KL4minlURA 100 and EC 1 75minlURA 100 contained 
KL4min or ECl75min respectively plus100 bp of the URA3 side of pIL07 (Figure 4). Likewise, 
KL4min/LEU 100 and EC 1 75minlLEU 1 00 contained KL4min or EC 175min respectively plus 
100 bp of the LEU2 side of pILO7 (Figure 4). I found that both KL4fminURA100 and 
EC175min/URA100 were functional ARSs (based on colony formation in the transformation 
assay), while KL4min/LEU100 and EC175minLEU100 were not functional ARSs (Table 4). It 
was concluded that there is some "flanking element" in pIL07,lOO bp or fewer in size, on the 
UM3 side of the BamHI site, that is not itself an ARS but enables the truncated ARSs to 
function. 
Isolation of new ARSs and AH-enabling flanking elements 
To screen for more ARS-enabling flanking elements, I constructed a new plasmid 
(pIL 17) by inserting EC175min into the plasmid pRS406. EC l7Smin alone does not function as 
an ARS but in the presence of the flanking element found in pIL07 it gains ARS function. By 
inserting EC175 min into the plasmid pRS406 (which does not contain the flanking element) and 
then cloning random genomic DNA fragments into the plasmid, I can screen for sequences that 
function like the flanking element found in pIL07 and enable EC175min to function as an ARS. 
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In a process similar to the initial ARS screen, I generated a genomic library by cloning 
random S. RIuyveri genornic DNA into pIL17. This library was then transformed into FM628, 
which lacks the UR43 gene, and the transformants were plated on CSM-leu-ura media to select 
for those that contained a plasmid with a functional ARS. If the plasmid contained a functional 
ARS, it could then be replicated and maintained and a colony would form. Plasmids that enabled 
growth on the selective media were isolated from the yeast and retested to confirm ARS function 
before sequencing. 
From this screen alone, it is impossible to determine whether the new inserts isolated are 
flanking elements or if they are ARSs themselves. Either would enable the plasmid to be 
maintained. In order to determine whether the isolate is itself an ARS, it was tested for ARS 
function in pRS406. If the insert is not itself a functional ARS, but it enables pIL17 to be 
maintained, it is considered a flanking element because it enables the function of the truncated 
ARS EC1751nin. 
To date a total of 60 putative ARSs or flanking elements have been isolated using pIL 17 
(Ivan Liachlco isolated 18, and I isolated 42). Eighteen of them have been analyzed to determine 
whether they are ARSs or flanking regions (Ivan Liachko, personal correspondence). Eleven of 
them are ARSs, some of which had never been isolated using pIL07. These new ARSs can be 
analyzed along with those isolated using pIL07 to obtain a more accurate ACS. 
Correspondingly, seven of the new isolates contain ARS-enabling flanking elements. There is 
not yet enough data to determine a consensus sequence among the flanking elements. We are in 
the process of investigating whether these flanking elements are located near any of the cloned 
ARSs in their native genomic locations. 
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Discussion 
An important finding of this study is that S. kluyveri ARSs are closer in size to those of S. 
cerevisiae than to those of S. pombe and other euhryotes, and fiom current analysis S. kluyveri 
ARSs appear to have an ACS similar to that of S. cerevisiae. Both appear to be A-T rich, with 
an ATG in the middle, although in S. kluyveri TTG is slightly more common than ATG, while in 
S. cerevisiae ATG is much more common. In addition, the ACS of S. Uuyveri appears to be 
more T-rich on a single strand than the S. cerevisiae ACS. Sequences that are T-rich on one 
strand and A-rich on the other bend DNA in a structure that may facilitate DNA melting or ORC 
recognition. Further study is required to determine the mechanism by which the T-rich ACS 
facilitates initiation, but this study shows that the mechanism is probably conserved across the 
species because for both S. cerevisiae and S. kluyveri the ACS is T-rich on one strand and A-rich 
on the other. The ACS for S. kluyveri can be refined as more ARSs are isolated, providing a 
larger sample size. Truncation analysis can also contribute to a more accurate ACS by removing 
extraneous sequences. 
Mutagenesis, which can determine the portions of the ARS that are necessary for 
function, can also contribute to determining the ACS. Mutating ARSs effectively provides a 
greater stock of ARSs to analyze. Mutations that cause the ARS to become nonfunctional are 
likely to be in bases that are conserved across the ARSs and are part of the ACS. Examining the 
location of the mutation that caused KL4min to become nonfunctional reveals that it is in a 
region with a sequence (. . .TTITTTATGTTTCCTAT.. .) similar to the ACS (Figures 3 and 1). 
When the 3 Ts following the ATG are converted to Gs (. . .'ITTTTTATGGGGCCTAT.. ), the 
ARS becomes nonfunctional: This suggests that this mutation has interrupted the ACS and thus 
prevents the ARS from functioning. The truncation process removed most possible matches to 
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the ACS, making this sequence a highly likely candidate. Additionally, the lack of function 
caused by the mutation is not orientation dependent, suggesting that it is not dependent on the 
plasmid context. Together this data strongly suggests that the mutation interrupted the ACS, 
causing the ARS to become nohctional'. The ATG in this sequence is probably the conserved 
ATG or TTG identified in the S. kluyveri ACS, so the ACS for KL4min probably is 
'IT'ITTTATGTITCCTAT. Replacing the Ts with Gs may be inhibiting DNA melting or it 
may have disrupted the ORC recognition site. 
An exciting result of this study was the dimvery of the flanking element in pIL07 that 
enabled the ACSs to function. Previous research had shown that S. cerevisiae ACSs are often 
flanked by B elements that enhance ARS function and are conserved in function but poorly 
conserved in sequence (Nieduszynski et al., 2007). However, flanking sequences have not been 
documented in other species, including S. kluyveri. Discovering the existence of such a sequence 
opened up a new avenue of research in this species. Early research has shown that other flanking 
elements can be isolated which are not ARSs themselves but enable truncated ARSs to function. 
As research continues, we will be testing whether these elements are similar to the S. cerevisiae 
B elements. 
In the broader scheme, this study provides information regarding origin recognition in 
yeast in general. Previously S. cerevisiae was the only known eukaryote to have a well 
conserved consensus sequence. The ARSs fiom the yeast species (S. pombe) were much larger 
and were poorly conserved (Dai et al., 2005), as were those of other eukaryotes (Sclafani and 
Holzen, 2007). This study begins to show that a conserved ACS such as that of S. cerevisiae is 
not unique to the species but can be found in other species. In addition, it shows that other 
species may have ARS flanking elements similar in function to those of S. cerevisiae. As more 
data is collected concerning 5. Huyveri and other yeast w i e s ,  a more complete picture of aria 
recognition and initiation of DNA replidon can be formed. Un-g the prmas of 
origin recognition in yeast may &en yield a greater understanding of this process in eukaryotes 
in general, including humans. Additionadly, it can provide an understanding of the evolution of 
the process of origin reoognition and the initiation of DNA replication. S. kluyreri is more 
closely related to S. cemisiale than either are to S. pornbe, (Figure 5) and tbis work can help 
bridge the gap and reveal infomation regarding tk evolutionary changes between the species. 
Immediate future r e m h  eff* should continue to focus on S. kllryveri M s .  Isolation 
of additional ARSs, trundon, and mutqpwsis e m  improve the identity of the cons%nsus 
sequence. As a more comptete picture of BRS distribution in the S. Wzryveri geaome emerges, 
studies could be done (30numhg the eliciemy of these ARSs. Are they highly efficient like the 
S. cerevisiae ARSs, wed in most cell cycles? Or are they more like the S. pollrtbe AIkSs, which 
are apparently used s t o ~ c a l l y  and with low efficiency? Additionally, testing S. Hqyveri 
ARSs for hct ion in S. cerevisiae and vice: versa can provide information conamhg how the 
process is conserved across species. 
The flanking element should also be studied in much greater depth, by isolating these 
elements and looking for a consensus sequence, as well as comparing the effectiveness of 
different flanking elements on different truncated ARSs. Dependence on flanking elements has 
only been observed for KL4min and EC175miq but perhaps if other ARSs were further 
truncated, they too would require a f l d g  element to function. Additional truncations of 
isolated ARSs are therefore another path to increasing our understanding of the flanking 
elements. 
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Further research could focus on other yeast species, including isolating ARSs, searching 
for an ACS, and comparing the function of ARSs fiom various species across evolution. Such 
studies may provide insights into the mechanism of origin recognition in yeast. They may also 
provide an avenue for the study of the co-evolution of the origins of replication and the 
machineries involved in origin recognition and DNA initiation through cross-species functional 
analyses. Similar approaches may also apply to the study of origin recognition and initiation of 
DNA replication in other organisms. 
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Figure 1 
Figure 1: Consensus sequences for S. Muyveri and S. cerevisiae, analyzed using a motif search 
algorithm developed by Dr. Uri Keich. The height of the letter corresponds to the frequency of 
the occurance of the base at the location (A) Preliminary consensus sequence for S kluyveri, 
derived fiom 120 isolated ARSs. (B) Consensus sequence for S cerevisiae, derived fiom 39 
ARSs. 
Figure 2 
Figure 2: Diagram of truncations showing functionality of truncated S. kluyveri ARSs. 
ARSs were truncated by removing bases from the right (-XR) or fiom the left (-XI,) (A) 
















* Nonfunctional ARS 
Figure 3: Site-directed mutagenesis of KL4rnin, an ARS isolated from S. kluyveri and truncated 
to an 89 bp sequence. 
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Figure 5 
Figure 5: Phylogeny showing the relationship between S. cerevisiae, S. kluyveri, and S. 
pombe. From Cliften et al. (2003). 
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Figure 4: Diagrams of pIL07 with inserts (genes not to scale, but used for reference 
to determine "forward" and "backward" orientation of ARSs). (A) Diagram of 
"forward" and "backward" orientations of a truncated ARS. (B) Diagram of 
amplified PCR products from pIL07 containing KL4min. Amplified sequences were 
inserted into pRS406 to test for ARS function. (C) Diagram of amplified PCR - 
products from pIL07 containing EC 1 75min. Amplified sequences were inserted into 
pRS406 to test for ARS function. 
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Figure 5 
>3JO Myr I-- Schizc7saeeharmnyces pombe 
Figure 5: Phylogeny showing the relationship between S. cerevisiae, S. kluyveri, and S. 
pombe. From Cliften et al. (2003). 
Lovett 29 
Table 1 [ Yeast Species and Strain 1 Relevant Genotype I 
S. cerevisiae W303 leu2-, wa3- 
S. Muyveri FM628 ura- 
Table 1: Yeast strains used in this study. S kluyveri FM628 was obtained 
from Mark Johnston's lab at Washington University. 
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Table 2 





Table 2: Backbone plasmids used in this study as vectors for inserts. pIL07 was used in the 
ARS screen. pRS406 was used to determine the location and function of the flanking element 
discovered in pIL07. pIL17 was used in the ARS and flanking element screen. 
Description 
Contains URA3, LEU2, a BamHI site, lacks an ARS 
Contains URA.3, a BamHI site, lacks an ARS 
Contains URA3, a MscI site, contains ECl75min (functional ARS only in the presence 
Lovett 3 1 
1 Primer 1 purpose I Sequence 
I IL325 1 Sequence inserts in pIL07 I GCCAAACAACCAATTACTTG 
L326 
I (used with IL429) - I ACCATG 
Sequencing 
(used with L326) ' 
Sequence inserts in pIL07 
1 right side I CTCTTCCGAATG 







(used with L325) - 
Sequence inserts in pIL17 
(used with IL430) 
Sequence inserts in pIL17 
Amplify HP171- full length 
left side 















KL4- 1 OOL 
KZA- 100R 
I I KL4 -92L) I TCAACAATAATAGTAAAAC 
left side 
Amplify HP17 1 - truncated 
right side 
Amplify AC16 - full length 
left side 










Amplify AC16 - truncated left 
side 
Amplify AC16 - truncated 
right side 
Amplify KL4 - full length left 
side 
Amplify KLA - full length 
right side 
Amplify KL4 - truncated left 
side 
Amplify KL4 - truncated right 














Amplify KL4min (used with 
IU4-92R) 
Amplify KZA min (used with 
I I 'I'rrrrATGTrrCCTATAAT 




G A T C G A a g a t c T A m  
Mutagenesis 
KL4 mutLl Introduce mutation L1 GATCGAagatc~CTCCAgggCA 
TAATTTACCAAATGGAAT'IT 
TTTT 







A C G C G G G r n A C  
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-- 
KLA mutRl Introduce mutation R1 GATCGAagatcTAClTTITcccT 
TCAACMTMTAGTAAAACC 
CGC 
KLA mutR2 Introduce mutation R2 GATCG AagatcTACTTlTTMTT 
TCAACAATAcccGTAAAACCC 
GCGTAGATTATAGG 




ECl75minL Amplify EC175min (used with GATCGAagatctGATACGCATC 
ECl75minR) ACTATGCAATTGTTAG 
ECl75minR Amplify ECI75min (used with GATCGAagatctGACCTTCCAG 
---- - s 1 7 5 m i n L ) - C G T M - - - -  
IL43 1 Amplify truncated ARS plus GATCGAagatctAATAATGCAA 
100 bp of pILO7, UR4 3 side ATkAACAT'ITGAAaTTATTG 
(used with KL4-92L and 
ECl75minL) Isolating the 
flanking IL432 Amplify truncated ARS plus GATCGAagatctACCAATTACT 
element 100 bp of pL07, LEU 2 side TGTTGAGAAATAGAGTATAA 
from pIL07 (used with KL4-92R and 
EC175minR) 
IL433 Amplify KLAmin, add MscI GATCGAagatctggccaTACTT'TT 
restriction site on right side TlTTITCAACAATAATAGTA 
(used with KLA-92L) AAAC 
lL434 Amplify EC175min, add MscI GATCGAagatctggccaGACCTTC 
restriction site on right side CAGCGTMAAACATTAAAC 
(used with EC175minL) 
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Table 4 
Insert Description Maintenance 
KL4 Full-length KL4 + 
KL4min Truncated KL4 - 
EC175 Full-lengtb EC175 - 
EC 1 75min Truncated EC175 - 
KLAminlURA100 Truncated KL4 plus 100 bp fiom pIL07, URA 3 side + 
K L 4 ~ E U 1 0 0  Truncated KL4 plus 100 bp h m  pIL07, LEU 2 side - 
EC 175min/URA100 Truncated EC175 plus 100 bp h m  pIL07, URA 3 side + 
_ EC 175minlLEU100 Truncated EC175 plus 100 bp from pIL07, LEU 2 side - 
Table 4: Results for isolating the flanking element fiom pIL07. Inserts were cloned into 
pRS496 and tested for ARS function. See Figure 4 for diagram of truncated ARSs plus 
sequences from pIL07. 
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Table 5 
I Insert I Seauence I 
TGATACGCATCACTATGCAATTGTTAGGGCTCCCATATATTTAGGTTCAGTAGTTG 
CTCTGTATGTTTAATGTTTTTACGCTGGAAGGTCTGGTAACTACAGTTGATCGGAC 






AGTAACATTCATTAATGTTTAAAGZAAAAGTATTAATAACATAAAGGTTAA?UiATGA I GAAGCCA 
1 TGATACGCATCACTATGCAATTGTTAGGGCTCCCATATATTTAGGTTCAGTAGTTG 
CTCTGTATGTTTAATGTTTTTAcGCTGGTTCGccTTcTGcccTTcGT 
A A A A ~ ~ ~ T T C C C T ~ ~ A T A ~ ~ e e T ' P " f T ~ C  
-- 



















CAGTTTTTTACTCTGACGCACACTTATACTGGTATCCGTCTCGGTAATAGATTGTG I TGTATCACGTGACTCTTTCGTTTCGAATGAGTATCACAGATTAAGCCA 
DL 17-AM-5 I TGATACGCATCACTATGCAATTGTTAGGGCTCCCATATATTTAGGTTaGTAGTTG 
CTCTGTATGTTTAATGTTTTTACGCTGGAAGGTCTGGTCTGGCTTTTTTAACCAGAGTGTT 
GGGGTTTGGAACTGTGCGCATGGACTACTTTCAAATTTCTTATATTGATTACCAAC 





























pIL 17-AluI-8 TGATACGCATCACTATGCAATTGTTAGGGCTCCCATATATTTAGGTTCAGTAGTTG 
CTCTGTATGTTTARTGTTTTTACGCTGGAAGGTCTGGCTTcAz4TTAAAzuATTGGA 
GCCTCTTCCAACAGAAGAGTTAAAACCATTGCACGATATTAAACCCAAAACTAGCG 
G C G G T A G T A G C G T T A A T T T A T C A C T A A A C C C A A C T A C A G T  








































. A A T G T A T T T C W C A A A A C T G A G T A T A G G  




G G C A A A T G C A A T G T T G A T C T G A G A A A A C C T A A T A  
GAAAAGTATGT7CATCGATTCCTAGA74AATTGGTATCGGTGATGCA 
AAATACTATOAATCAAGAGTTTTTCAGAGCCA 
I pK17-MuI-K2 TGATACGCATCACTATGCAATTGTTAGGGCTCCCATATATTTAGGTTCAGTAGTTG I CTCTGTATGTTTAATGTTTTTACGCTGGAAGGTCTGGAAAGGATCTTTTTATATTA I 


































G G A A G T G T G T C C C T A G A T G C A G A C G G C T C T T C T A T C G A C A  
A G A T G A C C T A C A A W T T T G A T C C A A G A T A T G T C A C T  
ATGGGACAAGTCAACTAGGOCTTTTGGCTCATAACTTGGCATCTCAAATCAAGGGCA 
ACGAATTACCAAACCAAGAGTTGATCGGACGGGAAACGGTGCTTTCTGGTAGATAT 














C A A A A C G A A C G C T C T A C C A A T T G A G C T C C A A T T T G T A A G C  
I ATAATTGAATCGGTGTCTTCTAAGCCA 
~IL17-AluI-Kl3 ( TGATACGCATCACTATGCAATTGTTAGGGCTCCCATATATTTAGGTTCAGTAGTTG 
CTCTGTATGTTTAATGTTTTTACGCTGGAAGGTCTGGCTTCTCATTTTTAACCTTT 










































































T A T C A T T G T A A A C C A A T A G C T T T A A T A G T C A T A G T G  
T A A A T A T A A T A A A A T A A A T G A A G G A A A A G C A A T A A T T A A  





















C T C T G T A T G T T T A A T G T T T T T R C G C T G O C C A  
A C G G A C G A A C T A A A A 7 i T A T A A A A T T G T A G A T T A T C R A  
1 GCGAGAAAGTAAAGACAAGACTTTTCATTTCGTTGCCA 
nll .17-R SAT- 1 2 I TGATACGCATCACTATGCAATTGTTAGGGCTCCCATATATTTAGGTTCAGTAGTTG 
I TATGAATTCAAATTTAAATCATTGTGTTTTAATTGAAAGTTAAAAGCTATATTTGA ATAAAAATGTATAACATT-T-CATAATAACAAAGATWTCAT 1 
CTCTGTATGTTTAATGTTTTTACGCTOaARGGTCTGGACCGTTCTTTAATAAATTT 





















C C T T C G C C A O O C T T G C A A A T G A G C T T A A C T C G C C  
G C T T A A A a A a G G A T T A C A T C A T T G G T A C C C G  










I plL17-RsaI-K6 T G A T A C G C A T C A C T A T G C A A T T G T T A T A T  I CTCTGTAmTTTAATGTTTTTACGCTGGAA~TCTGGACTTTTCTTGCGCTTTTAA I 
I I ACTTTCCATCGCAAGTGARCATATAAAATCTGAAAATGACAACAGACATTGTAAAC I 
AAATAAAATGGATTATOGTTCATTCCCTT 












C T C T G T A T G T T T A A T G T T T T T A C G C T G G A A G G T C T G G A  
TAAAATGGTTAGTATCGTAAGGACAAGCGAATTCAAGGAAAACAAACATATTGCTA 
TTATTACAGAGGGTAGATAGGACGAGGTGTCTTAAGCCTTTTCTAGTGCATCAAAT 
A T A T A T T T T A T - C B T P  GTAAG- 
ACCTCTTACTTATTTTTATTATTTTCGTTGGCGTOTTTTGTTTTTAaTTATGAG 






A T A T T A T T T T T A T T A A T A A T T A T A T T T A T A C  
GAAAACCAGCTATCTWTCAGATTTGTCTTTCACCACTTATCACAACTAATCA 
G A T G A T T T T G C A A T T G C A T C A A C C T G T T C G A C C G T T T T A T T A A  
T T T T T T C C G T C T T G T C A T A A T A A G A T C A T T T G C T T T C G G O  
TTTTACACRATTTTTTTTTTATTCRATTTTTTTTTTAATTTTTTTATTTTGCTAATA 1 TTAATTAC TTGCTGACCCATTATACAAAAGOC.CA 








T G A T A C G C A T C A C T A T G C A A T T G T T A T A T  
CTCTGTATGTTTAATGTTTTTACGCTGGAAGGTCTGGATCTGT 
TGGTCGACGTTCAGGCCAAGGCCGAAGACGAAATGGAAGTGGACGATGCCAGTGCC 













T C A T G T T G T T T C A G G A G A A A T T G G A T - G A T T C  
AAAAAATCGATATACCGCATGTGTAAGCAGATAGACCGAACCAAACCCCTGTCCA 
Table 5: Sequences of ARSs and flanking elements isolated using pIL17*. The inserts 
must be tested in pRS406 to determine whether they are ARSs or flanking elements. 
"Sequence not yet available for all isolated inserts. 
